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OPTICAL ALL-PASS FILTER WITH GAIN COMPENSATION 



Field of the Invention 

[0001] The present invention relates generally to optical all-pass filters, and more 

particularly to optical all-pass filters that can be used to provide dispersion and gain 
compensation on optical communication systems. 

Background of the Invention 

[0002] Optical wavelength division multiplexing (WDM) has gradually become the 

standard backbone networks for fiber optic communication systems. WDM systems 
employ signals consisting of a number of different wavelength optical signals, known as 
carrier signals or channels, to transmit information on optical fibers. Each carrier signal is 
modulated by one or more information signals. As a result, a significant number of 
information signals may be transmitted over a single optical fiber using WDM 
technology. 

[0003] One phenomenon that has an adverse effect on the quality of a WDM optical 

signal is chromatic dispersion, in which the index of refraction of the transmission 
medium is dependent on wavelength. Chromatic dispersion causes the different 
wavelengths of a signal to undergo different phase shifts, resulting in spreading or 
broadening of the signal, which can give rise to transmission errors. The term chromatic 
dispersion, or simply dispersion, as used in this disclosure refers to the first and higher 
order derivatives of the group delay that are applied to an optical signal. The term group 
delay refers to the slope of the phase response with respect to frequency. 

[0004] Dispersion compensating elements are available that apply a second 

dispersion to the optical signal, which is the negative of the dispersion that was caused by 
the dispersive device. The second dispersion is additive with the dispersion applied by the 
dispersive device, so the net dispersion of the optical signal is about zero. Dispersion 
compensating fibers and chirped fiber Bragg gratings are examples of fiber dispersion 
compensating elements. However, dispersion compensating fibers are lossy (about 5-10 
dB). Lossy fibers are undesirable because they potentially reduce the optical power of 
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signals transmitted along their length. Many chirped fiber Bragg gratings typically only 
compensate for quadratic dispersion, limiting their utility to systems with quadratic 
dispersion. Also, chirped fiber Bragg gratings require a circulator for separating 
dispersion compensated optical signals from non-compensated optical signals. 
Additionally, chirped fiber Bragg gratings are long devices, making them expensive to 
integrate into optical communication systems. 

[0005] Since dispersion is characterized by a frequency dependent phase shift, 

another way of viewing dispersion is as a mechanism that causes phase distortion. From 
this viewpoint a dispersion compensating element may be thought of as a phase equalizer. 
Ideally, a phase equalizer should only affect the phase of the signal without imparting any 
amplitude distortion. Such a device is known as a phase-only filter or an all-pass filter 
(APF). An example of an all-pass filter that can be employed as a dispersion compensator 
is shown in U.S. Patent No. 6,289,151. One advantage of all-pass filters in comparison to 
other dispersion compensation techniques is that APF's may, in principle, correct any 
order dispersion. However, the APF shown in the aforementioned patent does not take 
into account the various optical losses that inherently arise in the device. 

Summary of the Invention 

[0006] In accordance with the present invention, an optical device is provided that 
includes an NxN network, where N is an integer greater than or equal to 2. The network 
has N input ports for receiving optical input energy and N output ports for providing 
optical output energy. The optical output energy at each of the output ports arises from 
interference among the optical input energy received at the input ports. (N-l) feedback 
paths optically couple (N-l) of the input ports of the NxN network to (N-l) of the output 
ports of the NxN network. A first optical waveguide, which is provided for receiving an 
input optical signal, is coupled to a remaining one of the input ports of the NxN network. 
A second optical waveguide, which is provided for the exit of an output optical signal, is 
coupled to a remaining one of the output ports of the NxN network. Finally, an active 
element is provided which selectively supplies gain or loss to optical energy in at least 
one of the feedback paths. 
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[0007] In accordance with one aspect of the invention, the NxN network may be a 
2x2 network such as a directional coupler or a Mach-Zehnder interferometer. 
[0008] In accordance with another aspect of the invention, the active element is an 
optical amplifier such as a rare-earth doped optical amplifer. 

[0009] In accordance with yet another aspect of the invention, a method is provided 
for reducing the dispersion of an optical signal. The method begins by directing the 
optical signal to an input waveguide of an optical device. The input waveguide is coupled 
to a first input port of an NxN network, where N is an integer greater than or equal to 2. 
The network has N input ports for receiving optical input energy and N output ports for 
providing optical output energy, wherein the optical output energy at each of the output 
ports arises from interference among the optical input energy received at the input ports. 
The optical device also includes (N-l) feedback paths optically coupling (N-l) of the 
input ports of the NxN network to (N-l) of the output ports of the NxN network. A 
remaining one of the output ports of the NxN network provides a dispersion compensated 
optical output signal. The method continues by selectively supplying gain or loss to 
optical energy in at least one of the feedback paths to reduce to a selected value the 
dispersion of the dispersion compensated optical output signal. 

[0010] In accordance with another aspect of the invention, a method of amplifying an 
optical signal is provided. The method begins by directing the optical signal to an input 
waveguide of an optical device. The input waveguide is coupled to a first input port of an 
NxN network, where N is an integer greater than or equal to 2. The network has N input 
ports for receiving optical input energy and N output ports for providing optical output 
energy, wherein the optical output energy at each of the output ports arises from 
interference among the optical input energy received at the input ports. The optical device 
further includes (N-l) feedback paths optically coupling (N-l) of the input ports of the 
NxN network to (N-l) of the output ports of the NxN network. A remaining one of the 
output ports of the NxN network provides an optical output signal. The method continues 
by selectively tuning a coupling coefficient between the first input port and the remaining 
one of the output ports to adjust to a selected value the gain or loss imparted to the optical 
output signal. 
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Background of the Invention 

[0011] FIG. 1 shows a schematic diagram of a simplified all-pass optical filter 
(APF). 

[0012] FIG. 2 shows an all-pass optical filter formed from a directional coupler. 
[0013] FIG. 3 shows an all-pass optical filter formed from a Mach-Zehnder 
interferometer. 

[0014] FIG. 4 shows a graph of the group delay (in arbitrary units) of an APF versus 
wavelength for different values of gain imparted by the APF. 

[0015] FIG. 5 shows a graph of the amplitude response (in arbitrary units) of an APF 
with a fixed gain coefficient and different coupling coefficients. 
[0016] FIG. 6 shows a graph of the amplitude response (in arbitrary units) of a 
conventional APF that imparts optical loss for three different coupling coefficients. 
[0017] FIG. 7 shows one embodiment of an APF constructed in accordance with the 
present invention. 

[0018] FIG. 8 shows an alternative embodiment of an APF constructed in accordance 
with the present invention. 

[0019] FIG. 9 shows an all-pass optical filter formed from a Mach-Zehnder 
interferometer with crossed waveguide arms. 

Detailed Description 

[0020] All-pass filters are linear systems that have an amplitude response that is 

constant over all frequencies and a phase response that varies with frequency. FIG. 
1 shows a schematic diagram of a generalized APF in its most simple form. The APF 100 
includes a 2x2 network 104, which is a device having two input ports 1 10 and 1 12 and 
two output ports 120 and 122. The relationship between the input and output ports are 
determined by a transfer matrix that specifies the interference that arises among the 
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signals received at the input ports, which in turn determines the signals that will be 
provided at the output ports. The primary constraint on a network employed in an ideal 
APF is that its transfer matrix must be unitary, implying that it is a lossless device. In 
practice, of course, any practical network has losses and thus, strictly speaking, cannot 
serve as an APF. However, following conventional practice, such devices will 
nevertheless be referred to as an APF. As seen in FIG. 1, the APF 100 also includes an 
input waveguide 130 coupled to input port 1 12 for receiving the signal undergoing 
dispersion compensation. An output waveguide 134 is coupled to output port 134 for 
providing the dispersion compensated signal. The APF 100 is completed by connecting 
output port 120 to input port 110 with a delay line to form a feedback path 108. Instead of 
a simple delay line, the feedback path may include an optional frequency-dependent 
element 130. Frequency dependent element 130 must also be an APF. That is, the APF 
100 shown in FIG. 1 may be built "recursively" by placing another APF in the feedback 
path of APF 100. 

[0021] Examples of 2x2 networks that can be employed in an APF include 

directional couplers and Mach-Zehnder interferometers, which can both be implemented 
in planar waveguide technology. FIG. 2 shows an example of an APF in which the 2x2 
network 204 is a directional coupler consisting of optical waveguides 210 and 212 in 
close proximity to one another. As shown, the output port of waveguide 212 is connected 
to the input port of waveguide 212 by a delay line 214, thus forming a ring resonator APF 
in which a ring is coupled to a straight waveguide. Likewise, FIG. 3 shows an example of 
an APF in which the 2x2 network 304 is a Mach-Zehnder interferometer in which the 
output of one of its two asymmetric arms 3 10 and 3 12 is connected to its input by delay 
line 314. FIG. 9 shows another example of an all-pass optical filter formed from a Mach- 
Zehnder interferometer in which interferometer structure has crossed waveguide arms of 
about equal length. 

[0022] The present invention encompasses other types of networks as well. For 

example, a Gires-Tournois interferometer may be used. Moreover, the simple APFs 
depicted in FIGS. 1-3 and 9 may be generalized by employing an NxN network instead of 
simply a 2x2 network. In this more general case (N-l) of the outputs are respectively 
coupled to (N-l) of the inputs. Moreover, while FIGS. 1-3 show a single stage APF, 
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APFs more generally may employ multiple stages in which the total length of the 
feedback path is the sum of the length of the individual feedback paths of each stage. 
Examples of a multiple stage APF are shown in FIGS. 6 A and 6B of U.S. Patent No. 
6,289,151. 

[0023] In operation, when an optical pulse enters the all-pass optical filter shown in 

FIG. 2 on the input of waveguide 210, a portion of the optical pulse is optically coupled 
to the feedback path 214. The portion of the optical pulse provided to the feedback path 
214 circulates repeatedly therein. However, at each pass of the optical pulse in the 
feedback path 214, some portion thereof is coupled back to the output of waveguide 210. 
Providing some portion of the optical pulse circulating in the feedback path 214 to 
waveguide 210 incrementally reduces the portion of the optical pulse introduced into the 
feedback path 214, in effect removing it therefrom. The coupling constant between 
waveguides 210 and 212 determines the portions of the optical pulse that are coupled into 
and away from the feedback path 214. 

[0024] A simple but intuitive understanding of the operation of the APF is as 
follows. Assuming the length of the feedback path 214 is much shorter (typically about 
one order of magnitude) than the optical pulse length, the input optical pulse circulates 
repeatedly along the feedback path 214, thus interfering with itself. That is, the leading 
edge portions of the optical signal circulating in the feedback path interfere with the 
trailing edge portions of the optical signal being input thereto. Dispersion compensation 
arises from the interference between the leading and trailing edges of the optical pulse, 
which applies a frequency dependent time delay to each frequency contained therein. 
[0025] A more mathematically rigorous analysis of an APF shows that the transfer 
function of this simple APF is given by 

e J6>T -r 

^) = Vt (!) 
re J -1 

where r is the coupling coefficient between the input and output ports of the APF, and T, 
the roundtrip time in the ring, is given by 
„ L 2tiR 
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where R is the ring radius, c is the speed of light in vacuum, v g is the group velocity and 
n is the group index in the ring. 

[0026] The phase is obtained from tdLn\lm{H(co)}fRe{H((D)}]: 
tfa>) = 2tan 1 [coth(x/2)tan(<y772)] (3) 
where % is equal to lnr. 

[0027] It can be shown that the group delay response of this device is given by 

M-T * inh * (4) 
coshj-cos(^r) v ' 

where % is related to the coupling constant. The peak group delay is at co = 0 where 

<0)= rcoth(^/2 (5) 

and the minimum delay is at ±n\T where 

t(±x/T)=Ttmh(z/2) (6) 

From eq. (4) it can be seen that the response is periodic in frequency with a period that is 
known as the free spectral range (FSR) and is given by coT^ln. Since a>=27tf, the FSR 
is simply 

FSR^l/T (7) 

It should be noted that if the group delay given by eq. (4) is integrated over one FSR the 
result is 2nT regardless of the value of the coupling %- This is a demonstration of the 
bandwidth tradeoff of the device: for a given ring with fixed T, increasing the peak delay 
requires reducing % (see eq.(5)) ? which would mean reducing the bandwidth to keep the 
"area" under one FSR fixed. 

[0028] As previously mentioned, the APF shown in U.S. Patent No. 6,289, 1 5 1 does 

not take into account the optical losses that inherently arise in such a device. The 

following analysis considers a more realistic APF having finite loss (or gain), which can 

be introduced as an imaginary part of the frequency (a> a + jG). 

In this case the round trip loss can be calculated using T = exp(-6T). The 

transfer function is now given by 



e J(a>+je)T _ r 



H W = re A«*mr_ x W 
[0029] In this case the complex phase of the signal is given by 
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2tan" 1 [coth(^/2)tan((^ + iSf/l) 



(9) 



We first examine the imaginary part of the phase, which is responsible for the loss/gain, 
i.e., the amplitude response. It can be shown that the amplitude response (exp[-Im^ ) is 



\ cos(^7)- cosh(^ + ST) v } 

Note that when the loss goes to zero ( & = 0) the above expression is unity, as expected 
from a lossless APF. We can use the relation 3T = aL, where a is the loss per roundtrip 



simply inverts the above expression. 

[0030] It can be shown that the group delay response is now 

/ ) T \™^X ~ co<fi?r)cosh(9r)>iiih^ 

[cos(a?r)- cosh(j- STjjposipT)- cosh(^ + &f) ( } 

again, as we let the loss vanish we recover the lossless APF delay response of eq. (4). 
Note that here as we go from loss to gain ( 3 -» -£), the response stays unchanged. It is 
interesting that by introducing finite loss/gain we can enhance the peak group delay, 
however in the case of loss we get a big transmission dip and for gain we get 
amplification. 

[0031] By considering a practical device in which gain is introduced into the 
feedback path of the APF, the present inventors have recognized that an APF with 
enhanced functionality can be achieved. The additional functionality can be employed in 
a number of different ways, a few of which will be examined in turn below. Following 
this discussion, some exemplary arrangements for providing gain to an APF will be 
presented. 

[0032] In a first example of the enhanced functionality that can be achieved, by 
supplying variable gain to the APF the value of the dispersion it provides can be tuned. 
FIG. 4, which arises from the previous mathematical analysis, shows a graph of the group 
delay (in arbitrary units) of the APF versus wavelength for different values of gain. It can 
readily be seen that if variable gain is supplied to the feedback path of the APF, a tunable 
dispersion compensator can be provided. By contrast, in a passive APF without gain 
control, the dispersion can only be tuned by varying the coupling constant or the 
roundtrip time in the feedback path. In addition to a change in dispersion with changing 




and L is the ring circumference. We also note that going from loss to gain ( 3 -> -&) 
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gain, the graph also shows that the bandwidth of the device decreases as the dispersion 
increases. 

[0033] In a second example of the enhanced functionality that can be achieved, the 
APF can be used as a variable gain amplifier by tuning either its coupling coefficient or 
its resonant wavelength. FIG. 5 shows a graph of the amplitude response (in arbitrary 
units) of the APF with a fixed gain coefficient and different coupling coefficients r of 0.1, 
0.5, and 0.7. Clearly, there is trade-off between the dynamic range and the bandwidth, 
which is similar to that of a conventional APF. A broader bandwidth can be achieved by 
using a series of APFs that are slightly detuned. One problem with this arrangement is 
that ring laser oscillations may arise. These oscillations may be avoided by ensuring that 
the round trip gain does not exceed the coupling coefficient across the whole spectral 
range of the amplifier emission. However, this may be difficult to achieve if the gain at 
the signal wavelength is much less than the peak gain at some wavelength within the 
whole spectral range of the device. Accordingly, some gain equalization may be required. 
For example, a gain equalizing filter may be incorporated directly into the ring of the 
APF. 

[0034] In a third example of the enhanced functionality that can be achieved, the 
inherent resonant losses that arise in a conventional APF can be compensated for by 
introducing gain into the feedback path, thus producing an APF with a truly flat 
amplitude response. Such losses are indicated in FIG. 6, which shows a graph of the 
amplitude response (in arbitrary units) of a conventional APF for three different coupling 
coefficients (0.8, 0.6 and 0.4) and for a typical roundtrip loss of 0.7 dB (e=0.85). A truly 
flat spectral response can be achieved by supplying gain to feedback path of the APF so 
that 9- 1. 

[0035] In a fourth example of the enhanced functionality that can be achieved, in 
addition to resonant losses, all internal losses such as insertion losses and the like which 
arise in an APF can be compensated for by introducing gain throughout the APF. This is 
particularly important because practical APF implementations that meet realistic 
specifications require a structure with a series of coupled ring resonators. As the number 
of ring resonators in the series increases, the losses increase sharply. By compensating for 
these losses by adding gain, the number of coupled ring resonators that can be used may 
be significantly increased. 
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[0036] In accordance with the present invention, gain may be supplied to an APF in a 
variety of different ways. The particular manner in which the gain is supplied will depend 
on a number of different factors, including the particular APF configuration that is to be 
used. For example, in some embodiments of the invention a rare-earth doped optical 
amplifier may be directly incorporated into the APF. In a rare-earth doped optical 
amplifier rare-earth ions are used as the active element. The ions are doped in a fiber core 
in which the signal travels and pumped to provide gain. While many different rare-earth 
ions can be used to provide gain in different portions of the spectrum, erbium-doped fiber 
amplifiers (EDFAs) have proven to be particularly attractive because they are operable in 
the spectral region where optical loss in the fiber is minimal. Accordingly, while the 
following exemplary embodiments of the invention employ erbium as the active element, 
those of ordinary skill in the art will recognize that the present invention more generally 
encompasses any rare-earth ions that can be used in a doped optical amplifier. Of course, 
other types of optical amplifiers such as an electrically pumped semiconductor (e.g., an 
InP-based waveguide either hybridly or monolithically integrated) can be used as gain 
elements. 

[0037] FIG. 7 shows an APF similar to that shown in FIG. 2, which as previously 
mentioned employs a directional coupler. In FIG. 7, the fiber constituting feedback path 
502 is doped with erbium along its length. In particular, the erbium may be doped along 
the entire length of the feedback path 502 to form a distributed amplifier or, alternatively, 
erbium may be doped along only a portion of feedback path 502. A pump source 510 
supplies pump power to the feedback path 502 via a coupler 512. The coupler 512 is 
configured to couple optical energy corresponding to the wavelength of the pump source 
510 without coupling optical energy at the signal wavelength. For example, assuming a 
signal wavelength of 1550 nm and a pump wavelength of 980 nm, coupler 512 is 
configured to strongly couple optical energy at 980 nm and weakly couple optical energy 
at 1550 nm. The gain supplied by the optical amplifier formed in feedback path 502 can 
be adjusted in a conventional manner. For example, if it is desired to maintain the power 
of the signal traveling in the feedback path 502 at a constant level, the optical amplifier 
can be operated in saturation. 

[0038] While the embodiment of the invention shown in FIG. 7 can compensate for 
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resonant losses arising in the feedback path, it does not compensate for all internal losses 
that can arise in the APF. For instance, gain needs to be supplied to the waveguides 504 
through which the optical signal enters and exits the APF in order to compensate for 
internal losses that arise in the waveguide 504. Once again, this may be achieved by 
doping waveguide 504 with erbium and supplying pump power thereto. The pump power 
may be supplied in a number of different ways that depend on the particular network 
employed in the APF. If the network is a directional coupler in which optical energy at 
the signal wavelength is strongly coupled but optical energy at the pump wavelength is 
weakly coupled, a separate pump source can be provided for waveguide 504. This 
embodiment of the invention is shown in FIG. 8 in which pump source 610 supplies 
pump energy to feedback path 602 via coupler 612 and pump source 614 supplies pump 
energy to waveguide 604 via coupler 616. Alternatively, a single pump source can be 
used to supply pump energy to both the feedback path 602 and the waveguide 604 if the 
APF can couple both the signal and pump wavelengths between the waveguide 604 and 
the feedback path 602. This can be most readily accomplished if the network employed in 
the APF is a Mach-Zehnder interferometer. In yet another alternative, pump power may 
be supplied to the APF shown in FIG. 9 in a particularly convenient manner because 
pump power supplied to the input waveguide is able to traverse the entire structure. 
[0039] Although various embodiments are specifically illustrated and described 
herein, it will be appreciated that modifications and variations of the present invention are 
covered by the above teachings and are within the purview of the appended claims 
without departing from the spirit and intended scope of the invention. For example, in 
some embodiments of the invention the feedback path may include a cavity with a 
plurality of reflectors (in which the path length of the feedback path equals twice the 
length of the cavity) or a photonic band gap (PBG) structure (in which a two-dimensional 
array of dielectric layers provide a guided feedback path). 
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